We assessed the hypothesis that blackblood steady-state free precession (SSFP) would provide coronary wall images comparable to images from TSE and have better performance than TSE under conditions of fast heart rate. With IRB approval, thirty participants without a history of coronary artery disease (19 men, 11 women, 26-83 y/o) were scanned with a 1.5 T MR scanner. Cross-sectional black-blood images of the proximal portions of coronary arteries were acquired with a two-dimensional (2D), double inversion recovery (DIR) prepared TSE sequence and a 2D DIR SSFP sequence on the same planes. Image quality (ranked with a 4-point system, scored from 0 to 3), vessel wall area and thickness, signal-to-noise ratio (SNR) of the wall and contrast-to-noise ratio (CNR, wall to lumen) were compared between SSFP and TSE with SPSS software (v 13.0). Totally 28 scans were completed. For SSFP and TSE, there was no difference in image quality. SSFP had a higher SNR (23.7 ± 10.1 vs. 14.4 ± 5.2, P \ 0.001) and wall-lumen CNR (8.8 ± 4.5 vs. 6.7 ± 3.2, P = 0.001). Good agreements between measured wall area (r = 0.701, P \ 0.001) and thickness (r = 0.560, P \ 0.001) were found. For 10 participants with heart rate more than 80 beats/min, the image quality of SSFP was higher than TSE (P = 0.016). SSFP provided image quality and measurement accuracy that was comparable to TSE. With its higher performance under fast heart rate conditions, SSFP may break through the existing thresholds for heart rate and extend clinical applicability of coronary wall MR imaging to a larger population.
Introduction
Coronary artery disease (CAD) is the leading cause of death in the United States [1] . Currently, the diagnosis of CAD is mainly based on detection of atherosclerotic plaques in coronary artery, including morphological changes such as vessel narrowing and positive remodeling. Both features are significantly related to increased clinical events. Various invasive and noninvasive methods have been developed to screen atherosclerotic lesions in the coronary system. Magnetic resonance (MR) imaging has emerged as a noninvasive approach for directly investigating functional and morphological abnormalities of the coronary arteries [2] . Black-blood two-dimensional (2D) fast (turbo) spin-echo (FSE, TSE) sequence has been used as a conventional MR imaging sequence for coronary atherosclerotic plaque imaging [2] . Generally, data are acquired in a segmented fashion during multiple cardiac cycles. Cardiac motion, which is strongly influenced by heart rate, is a major source of vessel wall signal loss and imaging artifacts. Unfortunately, the TSE sequence is very sensitive to cardiac motion. Generally, if the heart rate cannot be controlled satisfactorily, the TSE coronary wall MR imaging sequence may lead to suboptimal image quality. Such a limitation therefore impedes its practice application in routine clinical practice [3] .
Steady-state free precession (SSFP) is a fast MR imaging sequence [4] . Despite its identical spatial resolution and imaging time, SSFP can acquire data in a shorter time window than that required for TSE in each cardiac cycle. Such a characteristic is extremely valuable in cardiac imaging, which is adversely affected by cardiac motion. We hypothesized that 2D black-blood SSFP imaging would provide coronary wall images of adequate quality and quantitative measurements comparable to measurements made from TSE and, furthermore, would be more suitable for imaging patients with high heart rates. The aim of our study was to prospectively evaluate a 2D double inversion recovery (DIR)-prepared SSFP MR imaging sequence for blackblood coronary wall imaging and to estimate its merit in CAD detection.
Materials and methods

Participants
With the approval of our institutional review board (IRB), thirty volunteers (19 men, 11 women, age range 26-83 years, heart rate 52-90 beats/min, body weight 55-97 kg) underwent coronary artery scanning from December 2009 to May 2010. We excluded participants with contraindications to MR scanning. Written informed consent was obtained from all participants before scans. The study was compliant with the Health Insurance Portability and Accountability Act (HI-PAA). A fast heart rate was defined as C80 beats/min.
MR imaging system
All MR scans were performed with a 1.5-T wholebody MR imaging system (Magnetom Espree; Siemens Healthcare, Erlangen, Germany) with a highperformance gradient system (maximum gradient amplitude, 40 mT/m; maximum slew rate, 200 mT/ m/ms). A six-channel cardiac phase array coil was used for radiofrequency signal reception.
MR imaging protocol
Cardiac localization (general)
A three-plane fast localization sequence was run for anatomic orientation for the whole scan. A blackblood Half Fourier Acquisition Single Shot Turbo Spin Echo (HASTE) sequence was then run to identify the two-chamber, four-chamber, short-axis views. A four-chamber cine (with single breathhold) was run to identify quiescent phase for coronary scan.
Whole-heart coronary MR angiography (for accurate slice orientation)
An electrocardiogram (ECG)-triggered, fat-saturated, segmented three-dimensional (3D) SSFP sequence was employed for the whole-heart coronary MRA. A 40-ms T2-preparation was used to increase the blood-myocardium contrast. The 3D k-space data were collected using centric order in the phase-encoding direction and linear order in the partition-encoding direction. Seventy-two transverse slices were acquired and sinc-interpolated to 144 slices, each 0.75 mm thick. The in-plane spatial resolution was 0.55 9 0.55 mm 2 (interpolated from 1.1 9 1.1 mm 2 ). Other imaging parameters included: repetition time (TR) and echo time (TE) = 3.7 and 1.7 ms; flip angle = 90°; lines per heartbeat = 25-33; readout bandwidth = 870 Hz/pixel; parallel acquisition factor = 2 in the phase-encoding direction; field of view (FOV) = 320 mm 2 ; matrix = 288 9 288. Imaging time was 8-10 min, assuming 35-45% respiratory gating efficiency.
Coronary artery wall imaging: TSE
The 3D multiplanar reformations were performed on the MRA images to localize the left main coronary artery (LM), the proximal left anterior descending coronary artery (LAD), and the right coronary artery (RCA). Once the coronary arteries were localized, cross-sectional black-blood images of their proximal portions were acquired using a 2D, navigator-gated, ECG-triggered, DIR prepared TSE sequence under free breathing. To improve contrast between the coronary wall and epicardial fat, a spectral-selective adiabatic inversion-recovery (SPAIR) pulse was used to suppress the fat signal. Imaging parameters included: TR = 800 ms, TE = 33 ms, echo train length = 10-13, bandwidth = 305 Hz/pixel, matrix = 448 9 448, FOV = 420 9 420 mm; slice thickness = 4.0 mm. Trigger pulse = 2. No parallel imaging was used. To overcome respiratory motion-induced image artifacts, a motion adaptive navigator (NAV) technique was used with end-expiratory imaging defined by the dome of the right hemidiaphragm. In all cases, data acquisition was performed during mid-diastole (rest period) of the cardiac cycle. Based on coronary landmarks, we acquired one cross-sectional slice each in the RCA, LM and LAD at locations perpendicular to the long axis of each vessel and 5 mm from the origin.
Coronary artery wall imaging: SSFP
A 2D, NAV gated, ECG-gated, DIR prepared SSFP sequence was run within 15 min of TSE (before or after). Cross-sectional images were acquired at the same position as the TSE images. Imaging parameters included: TR = 780 ms, TE = 2.45 ms, FOV = 420 9 420 mm 2 ; slice thickness = 4.0 mm; readout matrix = 448 9 448, resulting in a 0.9 9 0.9 9 4.0 mm 3 voxel size. Trigger pulse = 2. No parallel imaging was used. The same number of k-space lines was acquired in each cardiac cycle as in the TSE sequence, and DIR was again used to null the signal from the blood. For fat saturation suppression, SPAIR was used. Inversion time (TI): 200 ms. Bandwidth: 531 Hz/Pixel. NAV and the shimming box were set at the same position as TSE. The imaging was optimized for individual patients to avoid exceeding the coronary rest period duration and to begin after the onset of the coronary rest period, as defined on the four-chamber cine images.
Image evaluation and data processing
Images were transferred to an imaging workstation (Dell, Studio XPS 435T) with off-line use of a freely available image processing software (SEGMENT, version 1.8 for research use only; Lund University, Sweden) [5] . Images of the coronary wall were zoomed and up-sampled ten folds. Images were ranked with a 4-point system and required consensus from two authors. The scoring system can be described thus: in Grade 0, no vessel wall could be seen; in Grade 1, the vessel wall could barely be identified with reference images; in Grade 2, the vessel wall was seen clearly with some signal loss; lastly, in Grade 3, the vessel wall was distinct from the surrounding tissue and was free of signal loss. A grade of 1, 2 or 3 was considered eligible for quantitative analysis/comparison.
The outer and inner borders of eligible coronary walls (Grade 1, 2, 3) were manually drawn by one author with 4 years of experience in vessel analysis. The area of the vessel wall was defined as the difference between the area of the outer wall and the area of the lumen (outer wall area-luminal area). The mean thickness of the vessel wall was obtained from measurements at four points (the 12, 3, 6, and 9 o'clock positions). The signal to noise ratio (SNR, SIwall/SDnoise) of the vessel wall and the contrastto-noise ratio (CNR, (SIwall-SIlumen)/SDnoise) of the coronary artery wall versus lumen were also calculated [6, 7] .
Statistical methods
The SNR and CNR of the two imaging techniques (SSFP vs. TSE) at the same imaging position were compared with a paired t test. The image scores of two techniques were compared with Wilcoxon rank sum test. A Pearson's Correlation Coefficient and Bland-Altman plot were applied to evaluate how well measurements of vessel wall area and wall thickness correlated for SSFP versus TSE images. Statistical analysis was performed with SPSS software (Version 13.0, Chicago, Ill). For all calculations and results, a P \ 0.05 level was defined as statistically significant.
Results
General image quality
Two participants were excluded because they were unable to tolerate the long scan time (75 min). In total, 84 pairs of coronary images were acquired from 28 participants. For the SSFP sequence, the acquisition of 13 k-space lines cost 57 ms, while the TSE sequence required 93 ms for the same number of k-space lines. For the TSE sequence, 21 RCA, 25 LM and 24 LAD images were eligible for quantitative analysis (Grades 1, 2, 3). For the SSFP sequence, 22 RCA, 26 LM and 23 LAD images were eligible for analysis. There was no statistical difference in image quality score between the coronary artery branches (P [ 0.05). Sixty pairs of images (both TSE and SSFP with score 1, 2, 3) were eligible for quantitative comparison. There was no significant difference between image quality in SSFP versus TSE (P = 0.431). A pair of representative images is shown in Fig. 1 . Compared to TSE, SSFP had a higher mean coronary wall SNR (23.7 ± 10.1 vs. 14.4 ± 5.2, P \ 0.001) and wall-lumen CNR (8.8 ± 4.5 vs. 6.7 ± 3.2, P \ 0.001) Fig. 2a .
There was no statistical difference in coronary wall area (20.04 ± 5.43 mm Thickness measurements (at four points on the wall) also agreed well for SSFP versus TSE, with a Pearson correlation coefficient of 0.560 (P \ 0.001), respectively. These are shown in Fig. 2b-e. Performance of SSFP and TSE on participants with different heart rate Thirty pairs of images from ten participants with fast heart rates (mean 83.5 ± 3.2 beats/min) were analyzed. The mean image quality score for SSFP was higher than for TSE (P = 0.016). On the other hand, for cases with low heart rates (18 participants, defined as heart rate \80 beats/min, mean 62.9 ± 7.3 beats/ min), TSE seemed to have higher image scores (without statistic significance) than SSFP did (P = 0.095). Participants with fast heart rates had a shorter mean rest period than those with low heart rates (56 ± 23 ms vs. 217 ± 58 ms, P \ 0.001). Representative images from cases with high heart rates C80 beats/min are shown in Figs. 3 and 4.
Discussion
In this study, we successfully evaluate two coronary MR techniques in a population with fast heart rate. SSFP seems to have a better performance under conditions of fast heart rate. As early as 2000, Fayad et al. [8] reported the application of 2D black-blood MR imaging to evaluate the coronary wall in eight healthy participants and five patients with coronary stenosis, using traditional X-ray angiography as a reference. However, cardiac motion has always been considered to be a major technical impediment to clinical use of coronary wall MR imaging. Heart rate has become one of the main factors restricting individuals from such examinations. For coronary vessel wall imaging, k-space data is acquired during the rest period of a cardiac cycle. The length of the rest period, which is generally negatively related to the heart rate, varies greatly among individuals [9, 10] .
Currently, DIR-prepared TSE is accepted as the conventional sequence for black-blood coronary wall imaging [8, 11, 12] . It requires short echo trains to limit signal decay (T2 decay) caused by transverse relaxation and to minimize cardiac motion during signal readout [13, 14] , resulting in a relatively long imaging time. For TSE coronary wall MR imaging, the reduced number of k-space lines (lower acquisition time during signal cardiac cycle) acquired per cardiac cycle can accommodate the short rest period caused by a high heart rate, but the longer gross imaging time required is a substantial disadvantage for clinical examination since it results in more unexpected motion artifacts and irregular breathing modes, which reduce image quality.
For coronary wall scans in general, the ''rest period'' for coronary artery imaging is determined on a standard four-chamber cine acquired before vessel wall imaging. However, motion of the different parts of the coronary tree is not always synchronized [9] . Heart rate and the length of the ''rest period'' may vary during the scan. Therefore, only part of the ''rest period'', which would otherwise have been used to set up parameters, is really eligible for imaging. DIRprepared, SSFP sequences (e.g., TrueFISP, FFE, FIESTA) are more time efficient than TSE for vessel wall imaging. When SSFP is applied to coronary wall MR imaging, a shorter data acquisition window is required (a shorter time is needed to acquire the same number of k-space lines per cardiac cycle) than for a 2D DIR-prepared TSE sequence; this falls much more easily into the ''rest period'' within a single cardiac cycle, especially when the ''rest period'' is shorter, as in high heart rate conditions. Hence, time efficiency emerges as a valuable characteristic of SSFP for cardiac imaging and is the theoretical basis of our working hypothesis.
Furthermore, SSFP sequence has a gradient structure that is balanced in all directions (readout, phaseencoding and partition-encoding), which allows for a high flip angle without substantial signal decay. Compared to TSE (FSE), SSFP acquires images at a faster speed, using a higher readout bandwidth and shorter repetition time (TR). Both a balanced gradient structure and a shorter acquisition time may result in less intravoxel dephasing and signal loss caused by cardiac motion [15] . In our study, the 2D DIRprepared SSFP sequence showed the coronary wall at an image quality similar to the TSE (FSE) sequence. It also offered similar vessel wall measurements compared to TSE. When heart rate was higher than 80 beats/min, SSFP exploited its advantages of time efficiency and insensitivity to motion, yielding even better image quality than TSE did.
Although we can say without exaggeration that ''time is image quality'' on coronary wall imaging, image quality is not merely determined by ''time''. From the viewpoint of clinical use, various indices should be considered comprehensively [16] . For example, in addition to some traditional indices, such as motion artifact, SNR and CNR, fat suppression should not be ignored since it seriously affects visibility of the coronary wall. In our study, we chose SPAIR as the fat suppression strategy for both SSFP and TSE, based on our experience from our daily work. SPAIR only excites fat protons and uses frequencyselective inversion pulses based on the resonance frequency of fat. Compared to several other traditional fat suppression techniques, SPAIR is relatively insensitive to motion due to its use of non-slice-selective inversion recovery pulses and adjustable TI [17, 18] .
On the other hand, we want to point out that SSFP seems not to be a definitely better choice than TSE in coronary wall imaging. Although our results showed a remarkable increase of SNR and CNR with the SSFP sequence, we did not find a corresponding improvement in image quality with SSFP. In fact, the image quality of TSE seemed to be superior to SSFP in participants with a slow heart rate (\80 beats/min). Although the difference was not considered to be statistically significant (P = 0.095) in our study, it still suggests that the ''advantage'' of SSFP for better image quality is probably a conditional merit partly because the intrinsic image contrast of TrueFISP is determined by the T2/T1-ratio of the tissue [19] . Therefore, with SSFP, less contrast will be shown between vessel wall and myocardium than with TSE. Thus, it would be unwise to arbitrarily conclude that SSFP is ''good'' or ''bad'' without considering alternate circumstances.
Our study had several limitations. First, the thickness of the coronary wall may have been overestimated due to the limited spatial resolution of coronary wall MR imaging [20] . It would have been useful to compare measurements from both the 2D DIR-prepared SSFP and TSE sequences against a ''gold standard'' such as intravascular ultrasound (IVUS). Unfortunately, such invasive examinations are not available for most healthy participants. Since evaluation of TSE images have proven to be repeatable and acceptable [21] , it is reasonable to use it as a ''reference'' here. Second, the sample of participants with heart rates C80 beats/min included only 10 subjects. As a matter of fact, it was difficult for us to enroll participants with heart rates C80 beats/min before the study began because of the recruiting system we had been using. Therefore, we only compared image quality but not accuracy of measurements on participants with fast heart rate because insufficient eligible images pairs (both SSPP and TSE image were scored 1, 2 or 3) in this subgroup could not result in statistic significance. However, good agreements between SSFP and TSE based on general participants had proved that SSFP is a qualify selection for coronary wall imaging. Third, many parameters, such as the mode of k-space sampling, were not considered in the comparison. We acknowledge that many physical and physiological parameters may affect image quality in coronary wall MR imaging. Since our aim was to compare two different sequences, a simple, fixed protocol was used. Further experiments will be needed to study the relationships between subtle parameters in coronary wall MR imaging. Fourth, we did not evaluate any pathological changes of the coronary wall. Although we intended to recruit aged participants in order to increase the likelihood of positive findings, we were still unable to identify pathological changes of the vessel wall, such as atherosclerotic plaques. This was due to the limited spatial resolution of current MRI techniques. However, our results confirmed the capability of SSFP coronary wall MR imaging for acquiring indices that are important for evaluating CAD, such as coronary wall area and wall thickness.
As an eligible option of coronary wall MR imaging, 2D DIR-prepared SSFP provides image quality and measurement accuracy that is comparable to those acquired with 2D DIR TSE. With its higher performance under fast heart rate conditions, SSFP may break through the existing thresholds for heart rate and may extend the clinical applicability of coronary wall MR imaging to a larger population.
